Based on the theoretical model of rigidity correlation method, the study on application was carried out with Chinese Liyuan face rockfill dam as example. The linear relation equations between the rockfill rigidity and density measured by pit method were established, and the regression performance and accuracy of rigidity correlation method were analyzed by calculating the inversion values of density. The results show that the regression equations of rigidity correlation method are high significant so as to work out the rockfill density precisely; rigidity correlation method is used for density inversion of rockfill with minor error and namely high accuracy, which is proper with satisfactory results.
Introduction
As a rapid and high efficient in-situ test technology in density measurement of rockfill, in recent years, the additive mass method has been used in various hydraulic engineerings in China, such as Xiaolangdi core rockfill dam, Shuibuya concrete face rockfill dam, Nuozhadu core rockfill dam and so on [1] - [3] . With the continuous development and improvement, some inversion methods for rockfill density, including analytic method, correlation method and attenuation coefficient method, are put forward based on additive mass method [4] . But both analytic method and attenuation coefficient method have limitations in engineering applications due to the poor measuring accuracy of wave velocity and complex determining process of attenuation coefficient.
Using correlation method, the rockfill density could be calculated by correlation equation between parameter and density, which could avoid the accuracy interference of measuring wave velocity and attenuation coefficient. So the method is frequently used to inverting the rockfill density in plenty of studies and practices. Meanwhile, the method where the rockfill rigidity is taken as correlation parameter has a preliminarily exploration based on the application with great results in Chinese Yanshan reservoir dam [5] . To get the further study for reliability, based on rigidity correlation method, with the calculation using the rockfill rigidity measured by additive mass method, the regression performance and accuracy of inversion model are analyzed and so is the applicability, which are proposed to give some suggestions for the further studies on the method in this paper.
Theory and Model of Rigidity Correlation Method

Determination of Rigidity
As the most important parameter in the rigidity correlation method, the rockfill rigidity could be determined by additive mass method that simplify the vibrating rockfill into a single free linear spring system under the vibrating force by placing a series of additive masses on the rockfill. Based on the model, the vibration equations could be obtained as follows [1] :
where m = total vibrating mass; A = vibration acceleration of system; m 0 = rockfill mass; Δm = additive mass; K = system rigidity; Z = vibration displacement of system; ω = vibration circular frequency of system. Therefore, it could be draw a line between ω −2 and Δm that is measured by experiments, and the inverse slope of line is the rockfill rigidity.
Correlation Model
According to the static rigidity equation and dynamic rigidity equation based on semi-infinite elastic foundation model, the analytic equation to density of circular foundation could be derived as follows [5] :
where ρ = density of medium; μ = Poisson's ratio of medium; r = foundation radius; V s = shear wave velocity of medium; K = foundation rigidity From the Equation (4), we can see that the change of wave velocity would lead to the change in coefficient of rigidity, so as to a poor linear correlation between density and rigidity strictly. Due to the small rangeability of rockfill density, we could consider the correlation curve as a straight line in a small portion simply, where there is a linear correlation. In this case, dividing K by 4r, one-parameter correlation equation between density and normalized rigidity could be obtained as follows:
Model Analysis
The rigidity correlation method for density inversion of rockfill is a direct correlation method whose model is established between rigidity and density, and studies have shown that there is a high correlation between rigidity and density of rockfill. Therefore, based on the model of rigidity correlation method, through taking the rigidity and density as samples, the correlation could be obtained accordingly under the condition of getting the accurate and representative data of samples.
There are three keys in inversion process of rigidity correlation method: the first one is whether the rigidity that is measured by additive mass method is correct; the second is whether the density that is measured by pit method is accurate for correlation curve; the last one is whether the density that is inverted by rigidity correlation method satisfies the requirements of high accuracy and the needing of practice engineering. There is a great deal of research to shows that the correlation coefficient between ω −2 and Δm is more than 0.95 generally, using the additive mass method, so that the rigidity data are accurate [4] . Therefore, on the condition that the rigidity and density is accurate, it is necessary to do the research on applicability of rigidity correlation method for density inversion of rockfill.
Application Example
Correlation Parameters
The 13 sets of data, which are measured by additive mass method and pit method in Chinese Liyuan face rockfill dam whose rockfill is continuously graded limestone with maximum diameter of 300 mm, are shown in Table 1 [6] . From Table 1 
Regression Analysis
The results of linear regression between normalized rigidity and density which are in Table 1 are shown in Figure 1 and Figure 2 . Figure 1 and Figure 2 show that there is a linear correlation roughly between normalized rigidity and density of rockfill due to the zonal distribution of points. The determination coefficient between normalized rigidity and wet density is 0.85 while that is 0.87 between normalized rigidity and dry density, and accordingly there are lots of points which can explain the deviation of density with the change of rigidity. As such, it is proved that regression line has a good fitting degree so as to take a good result. The equation between normalized rigidity and wet density is shown in Equation (6) and between normalized rigidity and dry density is shown in Equation (7). 
where ρ W = wet density of rockfill; ρ d = dry density of rockfill; K = rockfill rigidity; r = foundation radius. 
Significance Test of Regression Equation
In order to judge whether the regression equations above are meaningful or not, in other words, whether the density fluctuation is caused by the change of the parameters, the significance test of regression equations are carried out with F examination method based on the regression analysis theory [7] . According to F examination method, if the F value of equation is more than critical value, the equation is significant, but not vice versa. The F value could be solved by Equation (8). Table 2 .
The critical value of parameter samples is 4.60 when confidence level given is 0.05. The Table 1 shows that the F value of regression equations to calculate wet density and dry density is more than the critical values, and consequently the regression effect of the equations are highly significant when the significance level is 0.05. Therefore, the two regression equations are appropriate in density inversion of rockfill absolutely.
Density Inversion
After pluging the normalized rigidity into the Equation (6) and Equation (7) respectively, we calculate to obtain the inversion values of wet density and dry density which are shown in Table 2 .
From Table 3 , compared with the density measured by pit method, the maximum relative error of wet density inverted by rigidity correlation method is 1.78% and the minimum one is −0.37%, while the maximum relative error of dry density is 1.24% and minimum one is 0.00%. So the result shows that because the errors of wet density and dry density are within 2%, the inversion results of rigidity correlation method are in good agreement with that of pit method, and this method could be reliably used to in practical engineering.
Accuracy Analysis
The inversion accuracy of rigidity correlation method is mainly determined by the standard deviation (σ) of regression equation and the mean relative error (δ) of density inversion, which could be calculated by Equation (9) and Equation (10) according to regression theory.
The results of accuracy calculation are shown in Table 4 . Table 4 shows that the σ values of wet density and dry density of 13 points are 0.017 and 0.008. If the standard deviation were equal to 2σ, it is known that the values of whole point would be in the range of 2 ρ σ − to 2 ρ σ + . So according to the confidence level mentioned above, both the guaranteed rates of regression lines of wet density and dry density are up to 95%. The table also shows that the δ value of wet density is 0.014 while that of dry density is 0.007, in other words, the inversion accuracy of wet density is up to 98.6% while that of dry density is 99.3%. Meanwhile, the inversion accuracy of wet density is 95.4% and that of dry density is 96.7% when the traditional method is used in Chinese Liyuan face rockfill dam [6] . Therefore, rigidity correlation method has a high accuracy for the density inversion of rockfill. 
Conclusions
Based on rigidity correlation method, this paper has calculated the rockfill density using the rockfill rigidity that is measured by additive mass method, and the regression performance and accuracy of rigidity correlation are analyzed further. Following conclusions could be drawn from the study above:
1) The rigidity correlation model is the direct correlation way to rockfill density. The overall effect of regression equations that are established by this method is highly significant and the correlation coefficient of the equations is high. The inversion calculation of rockfill density can be realized well by this correlation.
2) The rigidity correlation method has a high accuracy for the density inversion of rockfill. Using the method in the practice, the satisfactory results could be produced in inversion.
